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GW170817:連星中性子性合体 

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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☆この時代に生まれてよかった 
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Fig. 2. Light curves and color evolution of SSS17a. The face color is
changed with the respective bands. The Galactic extinction has been
corrected by assuming E(B − V) = 0.1 mag (Schlafly & Finkbeiner 2011).

Fig. 3. Absolute magnitude of z-band observations (dots) compared with
models of supernovae (SN Ia and SN IIP in gray curves) and kilonovae
(colored curves). The kilonova models are calculated assuming that the
mass of the ejecta from a neutron star merger Mej is 0.01 M⊙. The
absolute magnitudes of the kilonova models quickly decline as com-
pared with supernovae. The z-band light curve of SSS17a follows the
decline of the kilonova models although the observed magnitudes are
1–3 magnitude brighter than the model predictions. The arrows indi-
cate the behaviors of the brightness decline corresponding to various
!z, which is the difference in the magnitude of the two epochs for an
interval of !t = 6 d.

H − Ks color. As a result, the optical-NIR color of SSS17a
progressively becomes redder with time (figure 1).

4 Origin of SSS17a
Figure 3 shows the z-band light curves for SSS17a, Type
Ia supernova (SN Ia: Nugent et al. 2002), Type II plateau

Fig. 4. Result of the photometry of SSS17a is plotted on !z and (i − z)1st

plane with kilonova and supernova models. For SSS17a (red symbol),
!z is the magnitude difference between the two epochs, t = 1.7 and
7.7 d (!t = 6 d) after the detection of GW170817, and (i − z)1st is the
color at the first epoch (t = 1.7 d). The models for kilonovae and super-
novae are shown by colored dots and gray dots, respectively. Each dot
corresponds to different starting epoch of !t with an increment of 1 d.
The larger dots in the kilonova model loci show the values for the case
that the starting epoch of !t is the 2nd day from the merger. The kilo-
nova models are located far from the crowds of those for supernovae at
40 Mpc, especially in terms of !z. The data point of SSS17a is consistent
with the model of medium Ye wind.

supernova (SN IIP: Sanders et al. 2015), and three kilo-
nova models with an ejecta mass of Mej = 0.01 M⊙ as
mentioned by Tanaka et al. (2017a). The kilonova models
are a Lanthanide-rich dynamical ejecta model and post-
merger wind models with a medium Ye of 0.25 and high Ye

of 0.30. The model with Ye = 0.25 contains a small frac-
tion of Lanthanide elements while that with Ye = 0.30 is
Lanthanide-free. The rapid decline of SSS17a is not sim-
ilar to the properties of known supernovae, and the z-
band magnitude of SSS17a at t = 7.7 d is >3 mag fainter
than supernovae Ia and IIP. However, the rapid decline of
SSS17a is consistent with the expected properties of kilo-
novae, although SSS17a is 1–3 mag brighter than all the
three kilonova models.

The rapid evolution of SSS17a is characterized by a mag-
nitude difference in the z band (!z) between t = 1.7 d and
7.7 d (6 d interval). The red point in figure 4 shows the
!z and i − z color at t = 1.7 d (see Utsumi et al. 2017).
For the purpose of comparison, we show !z in a 6 d
interval and (i − z)1st color at the 1st epoch for supernovae
using the spectral template of Nugent, Kim, and Perlmutter
(2002). The points show !z and (i − z)1st with a 1 d step
from the day of the merger, and their time evolutions are
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Blue Macronova	

Red Macronova	

Blue MN (~1day)
L~7x1041erg/s, T~7000K
　　　　=> v ~ 0.3c	
Red MN(~10day)
L~4x1040erg/s, T~2000K
　　　　=> v ~ 0.1c	



r-processモデル 
　中性子過剰イジェクタ 
　=> r-process元素合成 
　=> 放射性崩壊し加熱 

Macronovaのエネルギー源: 
r-process元素の崩壊加熱? 

Li&Paczynski98, Kulkarni05, Metzger+10

＊タイムスケール=光子の拡散時間： 
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Figure 2.1: Schematic picture of a observer and binary system.

envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).
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κ  ~ 1-10 cm2/g 	
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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エンジンモデル 
　中心エンジンからエネルギー注入 

Tanvir+13

＊タイムスケール=光子の拡散時間： 
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sGRB130603Bの近赤外残光
　標準残光理論からexcess（@~7day）

＊r-processモデルで説明できる
＊中心エンジンからのエネルギー注入でも可能
　e.g., ジェット：prompt, extended, plateau
＊X-ray excess
　=>X線の吸収・再放射でも可能
GW170817では
       エンジンモデルは観測を再現できるか?

Macronovaのエネルギー源: 
中心エンジンからの加熱? 1 

Kisaka+16

Kisaka+15
Fong+14LX ⇠ LIR
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envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

エンジンからの加熱 



＊タイムスケール=光子の拡散時間： tdi↵ /
r

M

cv

＊観測=>κM 
　Mは制限されない 
　              <=>r-processモデル

＊幅広いパラメータ
　　　　が許容される 
 

　連星合体のシナリオで 
　観測を説明できる 

エネルギー注入機構は? 

Macronovaのエネルギー源: 
中心エンジンからの加熱? 2 

4 Matsumoto, Ioka, Kisaka, and Nakar
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Fig. 1.— The required ejecta mass and opacity regions to repro-
duce the observed blue (tdiff ≃ 1 day) and red (tdiff ≃ 10 days)
macronovae in the engine model. The dark-red and blue regions
represent the mass and opacity suggested in the r -process model.
The green shaded region shows the required mass to explain the
Galactic r -process abundance with the event rate estimated by
GW170817. In the engine model, much larger parameter ranges
are allowed.

may also result from the jet activities. The jet activities
can inject energy into the cocoon in the polar direction by
high energy radiations or shocks. Furthermore, we may
have another energy source, which is motivated by the X-
ray observation of GRB 130603B. This event showed an
mysterious X-ray excess with a long duration of ∼ 7 days,
and a luminosity larger than the extrapolation from its
afterglow (Fong et al. 2014). Such an X-ray excess could
be produced by the fallback accretion onto the central
engine (Rosswog 2007; Rossi & Begelman 2009; Kisaka
& Ioka 2015). More interestingly, the excess X-ray lu-
minosity is comparable with the luminosity of the NIR
macronova associated with GRB 130603B. If the X-ray
excess emission is quasi-isotropic and absorbed by the
merger ejecta, the reprocessed NIR photons can repro-
duce the NIR macronova without introducing any other
energy sources such as the radioactive energy (Kisaka et
al. 2016). In Fig. 2, we show a schematic picture of
the jet-powered cocoon and the merger ejecta, which are
powered by the jet activities and the quasi-isotropic X-
ray excess, respectively. It should be noted that in this
model, the emission power is dominated not by the ra-
dioactive heating but by the energy injection from the
central engine in both the blue and red macronovae.

2.1. Jet-Powered Cocoon

When a relativistic jet is launched from the central
engine and drills through the merger ejecta on the po-
lar axis, most of the jet energy is dissipated and in-
jected into the cocoon. With the jet breakout, the co-
coon also breaks out of the merger ejecta and expands
isotropically.7 The dissipated jet energy is evaluated by
Ejet ∼ Ljtbr = 5× 1050 erg (Lj/5× 1050 erg s−1)(tbr/1 s),
where Lj and tbr is the geometrically-corrected jet lu-
minosity and breakout time, respectively. The cocoon
mass is determined by the volume swept by the cocoon’s

7 We mainly focus on the dominant, sub-relativistic cocoon, not
on the mildly-relativistic cocoon (Nakar & Piran 2017; Gottlieb et
al. 2017).
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Fig. 2.— The schematic picture of the jet-powered cocoon and
the merger ejecta, which are powered by the jet activities and the
quasi-isotropic X-ray excess, respectively.

shock. In the case of short GRB jets, differently from
long GRB jets, the cocoon mass is evaluated byMc ∼ 5×
10−3 M⊙ (Me/0.01M⊙)(θj/0.3), where Me and θj are the
merger ejecta’s mass and the jet opening angle, respec-
tively (Ioka & Nakamura 2017). The adopted jet opening
angle θj = 0.3 ≃ 17◦ is consistent with the mean angle
suggested by the observations (θj ≃ 16◦±10◦, Fong et al.
2015), which could also explain the observations of sGRB
170817A, blue macronova, X-ray and radio-afterglows
following GW170817 (Ioka & Nakamura 2017). Then,
the velocity is given by vc ∼

√
2Ejet/Mc ∼ 0.3 c (Ejet/5×

1050 erg)1/2(Mc/5×10−3 M⊙)−1/2. The cocoon has likely
rather small opacity of κc ≃ 0.5 cm2 g−1, because it is
made of the polar directed merger ejecta, which is dom-
inated by high electron fraction ejecta of Ye > 0.25 and
synthesizes less opaque elements (Sekiguchi et al. 2015,
2016; Wanajo et al. 2014; Tanaka et al. 2017, and see
also section 2.2). However, it should be noted again that
only the product κcMc is important to reproduce the
light curve.
While we discuss the cocoon accompanying the suc-

cessful jet breakout, the cocoon is also produced by a
choked jet. The cocoon driven by the choked jet can also
explain sGRB 170817A and X-ray and radio-afterglows
(Kasliwal et al. 2017; Gottlieb et al. 2017b). However,
since cocoons produced by the successful and choked jets
may have similar parameters, the above discussion and
picture hold.
The cocoon is also heated up by the later energy injec-

tion such as the extended and plateau emissions (Kisaka
et al. 2015), which may result from the long-lasting jet
activities. These emissions are too dim to observe in
this event. Recently, Kisaka et al. (2017) investigated 65
sGRBs’ X-ray light curves in Swift/BAT and XRT data,
and found that the typical (geometrically-corrected)8 in-
jection energy and time are Ein(∼ Ejet) ∼ 1048−51 erg
and tin ∼ 102 s for the extended emissions, and Ein(∼
Ejet) ∼ 1047−51 erg and tin ∼ 104−5 s for the plateau
emissions, respectively. Since the injection energy is less

8 Kisaka et al. (2017) studies the isotropic radiated energy
Eiso,rad, and the injection energy is evaluated by Ein∼Ejet ∼
(θj/0.3)2(η/0.1)−1Eiso,rad, where η is the emission efficiency.
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The green shaded region shows the required mass to explain the
Galactic r -process abundance with the event rate estimated by
GW170817. In the engine model, much larger parameter ranges
are allowed.

may also result from the jet activities. The jet activities
can inject energy into the cocoon in the polar direction by
high energy radiations or shocks. Furthermore, we may
have another energy source, which is motivated by the X-
ray observation of GRB 130603B. This event showed an
mysterious X-ray excess with a long duration of ∼ 7 days,
and a luminosity larger than the extrapolation from its
afterglow (Fong et al. 2014). Such an X-ray excess could
be produced by the fallback accretion onto the central
engine (Rosswog 2007; Rossi & Begelman 2009; Kisaka
& Ioka 2015). More interestingly, the excess X-ray lu-
minosity is comparable with the luminosity of the NIR
macronova associated with GRB 130603B. If the X-ray
excess emission is quasi-isotropic and absorbed by the
merger ejecta, the reprocessed NIR photons can repro-
duce the NIR macronova without introducing any other
energy sources such as the radioactive energy (Kisaka et
al. 2016). In Fig. 2, we show a schematic picture of
the jet-powered cocoon and the merger ejecta, which are
powered by the jet activities and the quasi-isotropic X-
ray excess, respectively. It should be noted that in this
model, the emission power is dominated not by the ra-
dioactive heating but by the energy injection from the
central engine in both the blue and red macronovae.

2.1. Jet-Powered Cocoon

When a relativistic jet is launched from the central
engine and drills through the merger ejecta on the po-
lar axis, most of the jet energy is dissipated and in-
jected into the cocoon. With the jet breakout, the co-
coon also breaks out of the merger ejecta and expands
isotropically.7 The dissipated jet energy is evaluated by
Ejet ∼ Ljtbr = 5× 1050 erg (Lj/5× 1050 erg s−1)(tbr/1 s),
where Lj and tbr is the geometrically-corrected jet lu-
minosity and breakout time, respectively. The cocoon
mass is determined by the volume swept by the cocoon’s

7 We mainly focus on the dominant, sub-relativistic cocoon, not
on the mildly-relativistic cocoon (Nakar & Piran 2017; Gottlieb et
al. 2017).
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Fig. 2.— The schematic picture of the jet-powered cocoon and
the merger ejecta, which are powered by the jet activities and the
quasi-isotropic X-ray excess, respectively.

shock. In the case of short GRB jets, differently from
long GRB jets, the cocoon mass is evaluated byMc ∼ 5×
10−3 M⊙ (Me/0.01M⊙)(θj/0.3), where Me and θj are the
merger ejecta’s mass and the jet opening angle, respec-
tively (Ioka & Nakamura 2017). The adopted jet opening
angle θj = 0.3 ≃ 17◦ is consistent with the mean angle
suggested by the observations (θj ≃ 16◦±10◦, Fong et al.
2015), which could also explain the observations of sGRB
170817A, blue macronova, X-ray and radio-afterglows
following GW170817 (Ioka & Nakamura 2017). Then,
the velocity is given by vc ∼

√
2Ejet/Mc ∼ 0.3 c (Ejet/5×

1050 erg)1/2(Mc/5×10−3 M⊙)−1/2. The cocoon has likely
rather small opacity of κc ≃ 0.5 cm2 g−1, because it is
made of the polar directed merger ejecta, which is dom-
inated by high electron fraction ejecta of Ye > 0.25 and
synthesizes less opaque elements (Sekiguchi et al. 2015,
2016; Wanajo et al. 2014; Tanaka et al. 2017, and see
also section 2.2). However, it should be noted again that
only the product κcMc is important to reproduce the
light curve.
While we discuss the cocoon accompanying the suc-

cessful jet breakout, the cocoon is also produced by a
choked jet. The cocoon driven by the choked jet can also
explain sGRB 170817A and X-ray and radio-afterglows
(Kasliwal et al. 2017; Gottlieb et al. 2017b). However,
since cocoons produced by the successful and choked jets
may have similar parameters, the above discussion and
picture hold.
The cocoon is also heated up by the later energy injec-

tion such as the extended and plateau emissions (Kisaka
et al. 2015), which may result from the long-lasting jet
activities. These emissions are too dim to observe in
this event. Recently, Kisaka et al. (2017) investigated 65
sGRBs’ X-ray light curves in Swift/BAT and XRT data,
and found that the typical (geometrically-corrected)8 in-
jection energy and time are Ein(∼ Ejet) ∼ 1048−51 erg
and tin ∼ 102 s for the extended emissions, and Ein(∼
Ejet) ∼ 1047−51 erg and tin ∼ 104−5 s for the plateau
emissions, respectively. Since the injection energy is less

8 Kisaka et al. (2017) studies the isotropic radiated energy
Eiso,rad, and the injection energy is evaluated by Ein∼Ejet ∼
(θj/0.3)2(η/0.1)−1Eiso,rad, where η is the emission efficiency.
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Fig. 1.— The required ejecta mass and opacity regions to repro-
duce the observed blue (tdiff ≃ 1 day) and red (tdiff ≃ 10 days)
macronovae in the engine model. The dark-red and blue regions
represent the mass and opacity suggested in the r -process model.
The green shaded region shows the required mass to explain the
Galactic r -process abundance with the event rate estimated by
GW170817. In the engine model, much larger parameter ranges
are allowed.

may also result from the jet activities. The jet activities
can inject energy into the cocoon in the polar direction by
high energy radiations or shocks. Furthermore, we may
have another energy source, which is motivated by the X-
ray observation of GRB 130603B. This event showed an
mysterious X-ray excess with a long duration of ∼ 7 days,
and a luminosity larger than the extrapolation from its
afterglow (Fong et al. 2014). Such an X-ray excess could
be produced by the fallback accretion onto the central
engine (Rosswog 2007; Rossi & Begelman 2009; Kisaka
& Ioka 2015). More interestingly, the excess X-ray lu-
minosity is comparable with the luminosity of the NIR
macronova associated with GRB 130603B. If the X-ray
excess emission is quasi-isotropic and absorbed by the
merger ejecta, the reprocessed NIR photons can repro-
duce the NIR macronova without introducing any other
energy sources such as the radioactive energy (Kisaka et
al. 2016). In Fig. 2, we show a schematic picture of
the jet-powered cocoon and the merger ejecta, which are
powered by the jet activities and the quasi-isotropic X-
ray excess, respectively. It should be noted that in this
model, the emission power is dominated not by the ra-
dioactive heating but by the energy injection from the
central engine in both the blue and red macronovae.

2.1. Jet-Powered Cocoon

When a relativistic jet is launched from the central
engine and drills through the merger ejecta on the po-
lar axis, most of the jet energy is dissipated and in-
jected into the cocoon. With the jet breakout, the co-
coon also breaks out of the merger ejecta and expands
isotropically.7 The dissipated jet energy is evaluated by
Ejet ∼ Ljtbr = 5× 1050 erg (Lj/5× 1050 erg s−1)(tbr/1 s),
where Lj and tbr is the geometrically-corrected jet lu-
minosity and breakout time, respectively. The cocoon
mass is determined by the volume swept by the cocoon’s

7 We mainly focus on the dominant, sub-relativistic cocoon, not
on the mildly-relativistic cocoon (Nakar & Piran 2017; Gottlieb et
al. 2017).
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Fig. 2.— The schematic picture of the jet-powered cocoon and
the merger ejecta, which are powered by the jet activities and the
quasi-isotropic X-ray excess, respectively.

shock. In the case of short GRB jets, differently from
long GRB jets, the cocoon mass is evaluated byMc ∼ 5×
10−3 M⊙ (Me/0.01M⊙)(θj/0.3), where Me and θj are the
merger ejecta’s mass and the jet opening angle, respec-
tively (Ioka & Nakamura 2017). The adopted jet opening
angle θj = 0.3 ≃ 17◦ is consistent with the mean angle
suggested by the observations (θj ≃ 16◦±10◦, Fong et al.
2015), which could also explain the observations of sGRB
170817A, blue macronova, X-ray and radio-afterglows
following GW170817 (Ioka & Nakamura 2017). Then,
the velocity is given by vc ∼

√
2Ejet/Mc ∼ 0.3 c (Ejet/5×

1050 erg)1/2(Mc/5×10−3 M⊙)−1/2. The cocoon has likely
rather small opacity of κc ≃ 0.5 cm2 g−1, because it is
made of the polar directed merger ejecta, which is dom-
inated by high electron fraction ejecta of Ye > 0.25 and
synthesizes less opaque elements (Sekiguchi et al. 2015,
2016; Wanajo et al. 2014; Tanaka et al. 2017, and see
also section 2.2). However, it should be noted again that
only the product κcMc is important to reproduce the
light curve.
While we discuss the cocoon accompanying the suc-

cessful jet breakout, the cocoon is also produced by a
choked jet. The cocoon driven by the choked jet can also
explain sGRB 170817A and X-ray and radio-afterglows
(Kasliwal et al. 2017; Gottlieb et al. 2017b). However,
since cocoons produced by the successful and choked jets
may have similar parameters, the above discussion and
picture hold.
The cocoon is also heated up by the later energy injec-

tion such as the extended and plateau emissions (Kisaka
et al. 2015), which may result from the long-lasting jet
activities. These emissions are too dim to observe in
this event. Recently, Kisaka et al. (2017) investigated 65
sGRBs’ X-ray light curves in Swift/BAT and XRT data,
and found that the typical (geometrically-corrected)8 in-
jection energy and time are Ein(∼ Ejet) ∼ 1048−51 erg
and tin ∼ 102 s for the extended emissions, and Ein(∼
Ejet) ∼ 1047−51 erg and tin ∼ 104−5 s for the plateau
emissions, respectively. Since the injection energy is less

8 Kisaka et al. (2017) studies the isotropic radiated energy
Eiso,rad, and the injection energy is evaluated by Ein∼Ejet ∼
(θj/0.3)2(η/0.1)−1Eiso,rad, where η is the emission efficiency.
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may also result from the jet activities. The jet activities
can inject energy into the cocoon in the polar direction by
high energy radiations or shocks. Furthermore, we may
have another energy source, which is motivated by the X-
ray observation of GRB 130603B. This event showed an
mysterious X-ray excess with a long duration of ∼ 7 days,
and a luminosity larger than the extrapolation from its
afterglow (Fong et al. 2014). Such an X-ray excess could
be produced by the fallback accretion onto the central
engine (Rosswog 2007; Rossi & Begelman 2009; Kisaka
& Ioka 2015). More interestingly, the excess X-ray lu-
minosity is comparable with the luminosity of the NIR
macronova associated with GRB 130603B. If the X-ray
excess emission is quasi-isotropic and absorbed by the
merger ejecta, the reprocessed NIR photons can repro-
duce the NIR macronova without introducing any other
energy sources such as the radioactive energy (Kisaka et
al. 2016). In Fig. 2, we show a schematic picture of
the jet-powered cocoon and the merger ejecta, which are
powered by the jet activities and the quasi-isotropic X-
ray excess, respectively. It should be noted that in this
model, the emission power is dominated not by the ra-
dioactive heating but by the energy injection from the
central engine in both the blue and red macronovae.

2.1. Jet-Powered Cocoon

When a relativistic jet is launched from the central
engine and drills through the merger ejecta on the po-
lar axis, most of the jet energy is dissipated and in-
jected into the cocoon. With the jet breakout, the co-
coon also breaks out of the merger ejecta and expands
isotropically.7 The dissipated jet energy is evaluated by
Ejet ∼ Ljtbr = 5× 1050 erg (Lj/5× 1050 erg s−1)(tbr/1 s),
where Lj and tbr is the geometrically-corrected jet lu-
minosity and breakout time, respectively. The cocoon
mass is determined by the volume swept by the cocoon’s

7 We mainly focus on the dominant, sub-relativistic cocoon, not
on the mildly-relativistic cocoon (Nakar & Piran 2017; Gottlieb et
al. 2017).
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Fig. 2.— The schematic picture of the jet-powered cocoon and
the merger ejecta, which are powered by the jet activities and the
quasi-isotropic X-ray excess, respectively.

shock. In the case of short GRB jets, differently from
long GRB jets, the cocoon mass is evaluated byMc ∼ 5×
10−3 M⊙ (Me/0.01M⊙)(θj/0.3), where Me and θj are the
merger ejecta’s mass and the jet opening angle, respec-
tively (Ioka & Nakamura 2017). The adopted jet opening
angle θj = 0.3 ≃ 17◦ is consistent with the mean angle
suggested by the observations (θj ≃ 16◦±10◦, Fong et al.
2015), which could also explain the observations of sGRB
170817A, blue macronova, X-ray and radio-afterglows
following GW170817 (Ioka & Nakamura 2017). Then,
the velocity is given by vc ∼

√
2Ejet/Mc ∼ 0.3 c (Ejet/5×

1050 erg)1/2(Mc/5×10−3 M⊙)−1/2. The cocoon has likely
rather small opacity of κc ≃ 0.5 cm2 g−1, because it is
made of the polar directed merger ejecta, which is dom-
inated by high electron fraction ejecta of Ye > 0.25 and
synthesizes less opaque elements (Sekiguchi et al. 2015,
2016; Wanajo et al. 2014; Tanaka et al. 2017, and see
also section 2.2). However, it should be noted again that
only the product κcMc is important to reproduce the
light curve.
While we discuss the cocoon accompanying the suc-

cessful jet breakout, the cocoon is also produced by a
choked jet. The cocoon driven by the choked jet can also
explain sGRB 170817A and X-ray and radio-afterglows
(Kasliwal et al. 2017; Gottlieb et al. 2017b). However,
since cocoons produced by the successful and choked jets
may have similar parameters, the above discussion and
picture hold.
The cocoon is also heated up by the later energy injec-

tion such as the extended and plateau emissions (Kisaka
et al. 2015), which may result from the long-lasting jet
activities. These emissions are too dim to observe in
this event. Recently, Kisaka et al. (2017) investigated 65
sGRBs’ X-ray light curves in Swift/BAT and XRT data,
and found that the typical (geometrically-corrected)8 in-
jection energy and time are Ein(∼ Ejet) ∼ 1048−51 erg
and tin ∼ 102 s for the extended emissions, and Ein(∼
Ejet) ∼ 1047−51 erg and tin ∼ 104−5 s for the plateau
emissions, respectively. Since the injection energy is less

8 Kisaka et al. (2017) studies the isotropic radiated energy
Eiso,rad, and the injection energy is evaluated by Ein∼Ejet ∼
(θj/0.3)2(η/0.1)−1Eiso,rad, where η is the emission efficiency.
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TABLE 1
The fiducial parameters of the jet-powered cocoon and the merger ejecta.

Symbol Jet-Powered Cocoon Merger Ejecta
Opacity times Mass κM 0.0025 cm2 g−1 M⊙ 0.1 cm2 g−1 M⊙
Velocity vc, vmax/min 0.3 c 0.1− 0.4 c
Subtended Solid Angle Ω 0.5 0.5
Injection Energy times Time Eintin 1052 erg s -
Power Law Index of Density Profile β - 3.5
X-ray Irradiation Luminosity LX(t) - 2× 1042 (t/day)−1.7 erg s−1

Notes. The ejecta mass should be smaller than that required in the r -process model (Mc ! 0.02M⊙ and Me ! 0.03M⊙) in order to
neglect the r -process heating.

We estimate the times tdiff and ttr when the diffusion
and photospheric radii reach the innermost ejecta radius,
respectively. Each timescale corresponds to the diffusion
time and the transparent timescale discussed in section
2.2. By equating the diffusion radius and the photo-
sphere with the innermost radius of ejecta, we get

tdiff =

√
f(1− 21−β)

β − 1

κeMe

4πΩvminc
, (18)

ttr=

√
f(1− 21−β)

β − 1

κeMe

4πΩv2min

, (19)

respectively. The former factors in the square root reflect
the density structure, which reduce the timescales about
∼ 0.5 from the values given by the one-zone estimation
in Eqs. (18) and (9).
When the merger ejecta is diffusively thin and opti-

cally thick, tdiff < t < ttr, X-rays radiated from the cen-
tral engine are absorbed in the ejecta, and reprocessed
to lower energy photons. We should remind that when
the ejecta is otherwise diffusively thick, the reprocessed
photons can not leak out of the ejecta. Furthermore,
it should be noted that the reprocessed photons do not
show the thermal spectrum if the ejecta is optically thin.
As we estimated in section 2.2, the reprocessed emis-
sion can produce the NIR emission with the fiducial pa-
rameters in Table 1. The bolometric light curve of the
reprocessed emission follows the irradiation luminosity
Lbol(t) = LX(t). Motivated by the X-ray excess detected
in GRB 130603B with power-law temporal decay, we also
assume a power-law-decaying irradiation luminosity of

LX(t) = LX

(
t

day

)−αX

, (20)

where LX and αX are the normalization and the tem-
poral index, respectively. The power-law decay might be
related with the fallback accretion, whose mass accretion
rate also shows the power-law temporal decay with index
∼ 5/3. We determine the photospheric temperature with
Eqs. (12) and (17).
In Fig. 3, we show the light curves of the reprocessed

emission from the merger ejecta with dashed curves. In
Table 1, we show the adopted parameters. The repro-
cessed emission shows good agreements with the ob-
served red macronova.
In Fig. 4, we show the bolometric luminosity and

temperature with dashed red and blue curves, respec-
tively. The magenta data points and dash-dotted line
are the isotropic X-ray excess luminosity observed in
GRB 130603B taken from Fong et al. (2014), which we
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Fig. 3.— The light curves of the jet-powered cocoon (solid; blue
maconova) and the merger ejecta (dashed; red macronova), re-
spectively. For the merger ejecta, we show the light curves in the
diffusively thin and optically thick phase tdiff < t < ttr. Both
light curves show good agreements with the observed data points
taken from Kasliwal et al. (2017) (circle) and Drout et al. (2017)
(square). By the jet activities, the jet-powered cocoon receives the
energy which powers the blue macronova. The red macronova is
emitted from the merger ejecta as the NIR emission reprocessed
from the quasi-isotropic X-ray excess produced by the central en-
gine.

convert from the observed flux. We also reduce the X-
ray luminosity by multiplying 0.3 to compare with the
macronova’s bolometric luminosity. The luminositiy of
the X-ray excess in GRB 130603B has a similar slope
to that of the red macronova. Note that the temporal
index αX which we adopt (see Table 1) is roughly the
same as the index of the fallback accretion, 5/3 ≃ 1.67.
Smartt et al. (2017) show that the light curve is fitted by
choosing the temporal index ∼ 1.3, which is favored by
the r -process heating. While they conclude that SSS17a
may be powered by the radioactive decay heating by r -
process elements, our result suggests another possibility,
i.e., the engine-powered macrnova.
As shown in Fig. 3, the reprocessed emission lasts for

tdiff < t < ttr and the light curves do not connect with the
light curves of the jet-powered cocoon. This is natural
because we consider only 2 component (2 combinations
of κM) discrete ejecta. In the realistic situation, there
should be a gradient of the opacity (0.1 ! κ/cm2 g−1 !
10) or the ejecta mass between the polar and equatorial
directions, and fill the gap in the light curves for 2 !
t/day ! 4. Furthermore, the reprocessed emission rises
at t ! tdiff , and this also fills up the gap.

4. DISCUSSION
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Fig. 4.— The time evolution of bolometric luminosity (red) and
photospheric temperature (blue) of the jet-powered cocoon (solid;
blue macronova) and the merger ejecta (dashed; red macronova),
respectively. The red and blue data points represent the ob-
served luminosity and temperature of the red and blue macronovae
(SSS17a or AT2017gfo), which are taken from (Kilpatrick et al.
2017). The engine model successfully reproduces the observation
data. We also show the observed X-ray excess luminosity of GRB
130603B taken from Fong et al. (2014), which has the same slope
with the red macronova.

In this work, we study whether the energy injection
from the central engine rather than the r -process ra-
dioactive decay can produce the observed blue and red
macronova emissions or not. Since in the engine model,
only the product of the mass and opacity κM is con-
strained by the observed emission timescale, a large pa-
rameter space is allowed (see Fig. 1). The observations
suggest at least two components with different combi-
nations of κM , that is, κM ≃ 2 × 10−3 cm2 g−1 M⊙
and v ≃ 0.3 c for the blue macronova at 1 day, and
κM ≃ 7 × 10−2 cm2 g−1 M⊙ and v ≃ 0.1 c for the red
macronova at 10 days. We can consider a possible con-
figuration for the two components: the jet-powered co-
coon which is heated up by the jet activities, and the
merger ejecta which is illuminated by the long-lasting
X-ray irradiation from the central engine. With reason-
able amounts of injection energy, the diffusion emission
from the jet-powered cocoon and the reprocessed emis-
sion from the merger ejecta reproduce the observed blue
and red macronovae, respectively. The reprocessed emis-
sion of the X-rays is motivated by the observed X-ray
excess in GRB 130603B, which can explain the luminos-
ity and duration of the NIR macronova associated with
GRB 130603B with a single energy source, i.e., the cen-
tral engine.
The necessary mass in the engine model can be smaller

than that required by the r -process model. As long
as the products κM are fixed, we can adopt various
values of opacity and ejecta mass. In particular, as
shown in Figs. 3 and 4, the engine model can reproduce
the observed blue and red macronovae with the ejecta
mass of Mblue

ej = Mc ≃ 0.005M⊙ (κc/0.5 cm2 g−1)−1 and

M red
ej = Me ≃ 0.01M⊙ (κe/10 cm2 g−1)−1, respectively.

On the other hand, the r -process model requires more
mass of Mblue

ej ,M red
ej ! 0.02 − 0.03M⊙. The smaller

ejecta mass than that in the r -process model can resolve
the concerns which we discuss in section 1.

Although we illustrate the above ejecta mass and opac-
ity values motivated by numerical simulations, the differ-
ent values can be also allowed. Then, we can discuss the
minimum required mass or opacity by fixing the other pa-
rameter value. For the jet-powered cocoon, if the ejecta
have significant r -process elements κc ≃ 10 cm2 g−1, only
a small amount of ejecta mass Mc ≃ 3× 10−4 M⊙ is suf-
ficient to power the blue macronova. In this case, the
injection energy should be smaller than the ejecta’ ki-
netic energy ∼ 1049 erg. Then, since the required in-
jection energy is Eintin = 1052 erg s (see Table 1), only
plateau emissions (tin > 103 s) could reproduce the ob-
served blue macronova. If future radio observations will
give a constraint on the ejecta mass (" 10−3 M⊙), the
blue macronova strongly supports the existence of the
long-timescale engine activity in sGRB 170817A.
By considering a reasonable range of the merger ejecta

mass, we can show that the r -process elements are neces-
sary to explain the observed emission timescale. Regard-
less of the energy source, e.g., the r -process heating or the
central engine, photons should be thermalized or down-
scattered to the NIR energy in the ejecta. Therefore, at
least a part of the ejecta should be optically thick to NIR
photons, and the emission time has to satisfy the condi-

tion, t < ttr ≃ 12.5 day κ1/2
e,10M

1/2
e,0.01v

−1
e,0.1Ω

−1/2
0.5 , where we

use Eq. (19) with β = 3.5 and vmax/vmin = 4 (fiducial
parameter values, see Table 1). Even for an extremely
large mass ejecta of Me = 0.1M⊙, this condition requires
the large opacity as

κe > 0.64 cm2 g−1

(
t

10 day

)2(vmin

0.1 c

)2( Me

0.1M⊙

)−1

Ω0.5,(21)

where the velocity vmin is not able to be changed a lot.
Such an opacity larger than the iron case ∼ 0.1 cm2 g−1

is only realized by the r -process elements (Lanthanoids,
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Tanaka
et al. 2017). Thus, we stress that the exact evidence of
the r -process elements is the long duration of the red
macronova emission, not the spectra or energy injection
profile. We remark that other than the r -process ele-
ments, dust grains are also proposed as an opacity source
(Takami et al. 2014). However, the observed line feature
in the spectrum (Chornock et al. 2017; Kilpatrick et al.
2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et al.
2017) may not prefer this possibility (see also, Gall et al.
2017).
The merger ejecta with the product of 1 "

(κeMe/0.01cm2 g−1 M⊙) < 10 becomes optically thin
∼ 4 days after the merger (t > ttr). In this case, the
absorbed and reprocessed photons are not thermalize
completely, and may show deviations from the thermal
spectrum in bluer wavelength. In the observations of
SSS17a, the spectra actually deviate from a blackbody
at late time. While these spectra are roughly fitted in
the r -process model (Chornock et al. 2017; Kilpatrick et
al. 2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et
al. 2017), we could also fit them in the engine model. In
order to predict the non-thermalized spectrum, we need
a detailed radiative transfer calculation, which is beyond
the scope of this paper. This is an interesting future
problem to compare the spectra given by both models
and clarify whether macronovae are produced by the en-
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Fig. 4.— The time evolution of bolometric luminosity (red) and
photospheric temperature (blue) of the jet-powered cocoon (solid;
blue macronova) and the merger ejecta (dashed; red macronova),
respectively. The red and blue data points represent the ob-
served luminosity and temperature of the red and blue macronovae
(SSS17a or AT2017gfo), which are taken from (Kilpatrick et al.
2017). The engine model successfully reproduces the observation
data. We also show the observed X-ray excess luminosity of GRB
130603B taken from Fong et al. (2014), which has the same slope
with the red macronova.

In this work, we study whether the energy injection
from the central engine rather than the r -process ra-
dioactive decay can produce the observed blue and red
macronova emissions or not. Since in the engine model,
only the product of the mass and opacity κM is con-
strained by the observed emission timescale, a large pa-
rameter space is allowed (see Fig. 1). The observations
suggest at least two components with different combi-
nations of κM , that is, κM ≃ 2 × 10−3 cm2 g−1 M⊙
and v ≃ 0.3 c for the blue macronova at 1 day, and
κM ≃ 7 × 10−2 cm2 g−1 M⊙ and v ≃ 0.1 c for the red
macronova at 10 days. We can consider a possible con-
figuration for the two components: the jet-powered co-
coon which is heated up by the jet activities, and the
merger ejecta which is illuminated by the long-lasting
X-ray irradiation from the central engine. With reason-
able amounts of injection energy, the diffusion emission
from the jet-powered cocoon and the reprocessed emis-
sion from the merger ejecta reproduce the observed blue
and red macronovae, respectively. The reprocessed emis-
sion of the X-rays is motivated by the observed X-ray
excess in GRB 130603B, which can explain the luminos-
ity and duration of the NIR macronova associated with
GRB 130603B with a single energy source, i.e., the cen-
tral engine.
The necessary mass in the engine model can be smaller

than that required by the r -process model. As long
as the products κM are fixed, we can adopt various
values of opacity and ejecta mass. In particular, as
shown in Figs. 3 and 4, the engine model can reproduce
the observed blue and red macronovae with the ejecta
mass of Mblue

ej = Mc ≃ 0.005M⊙ (κc/0.5 cm2 g−1)−1 and

M red
ej = Me ≃ 0.01M⊙ (κe/10 cm2 g−1)−1, respectively.

On the other hand, the r -process model requires more
mass of Mblue

ej ,M red
ej ! 0.02 − 0.03M⊙. The smaller

ejecta mass than that in the r -process model can resolve
the concerns which we discuss in section 1.

Although we illustrate the above ejecta mass and opac-
ity values motivated by numerical simulations, the differ-
ent values can be also allowed. Then, we can discuss the
minimum required mass or opacity by fixing the other pa-
rameter value. For the jet-powered cocoon, if the ejecta
have significant r -process elements κc ≃ 10 cm2 g−1, only
a small amount of ejecta mass Mc ≃ 3× 10−4 M⊙ is suf-
ficient to power the blue macronova. In this case, the
injection energy should be smaller than the ejecta’ ki-
netic energy ∼ 1049 erg. Then, since the required in-
jection energy is Eintin = 1052 erg s (see Table 1), only
plateau emissions (tin > 103 s) could reproduce the ob-
served blue macronova. If future radio observations will
give a constraint on the ejecta mass (" 10−3 M⊙), the
blue macronova strongly supports the existence of the
long-timescale engine activity in sGRB 170817A.
By considering a reasonable range of the merger ejecta

mass, we can show that the r -process elements are neces-
sary to explain the observed emission timescale. Regard-
less of the energy source, e.g., the r -process heating or the
central engine, photons should be thermalized or down-
scattered to the NIR energy in the ejecta. Therefore, at
least a part of the ejecta should be optically thick to NIR
photons, and the emission time has to satisfy the condi-

tion, t < ttr ≃ 12.5 day κ1/2
e,10M

1/2
e,0.01v

−1
e,0.1Ω

−1/2
0.5 , where we

use Eq. (19) with β = 3.5 and vmax/vmin = 4 (fiducial
parameter values, see Table 1). Even for an extremely
large mass ejecta of Me = 0.1M⊙, this condition requires
the large opacity as

κe > 0.64 cm2 g−1

(
t

10 day

)2(vmin

0.1 c

)2( Me

0.1M⊙

)−1

Ω0.5,(21)

where the velocity vmin is not able to be changed a lot.
Such an opacity larger than the iron case ∼ 0.1 cm2 g−1

is only realized by the r -process elements (Lanthanoids,
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Tanaka
et al. 2017). Thus, we stress that the exact evidence of
the r -process elements is the long duration of the red
macronova emission, not the spectra or energy injection
profile. We remark that other than the r -process ele-
ments, dust grains are also proposed as an opacity source
(Takami et al. 2014). However, the observed line feature
in the spectrum (Chornock et al. 2017; Kilpatrick et al.
2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et al.
2017) may not prefer this possibility (see also, Gall et al.
2017).
The merger ejecta with the product of 1 "

(κeMe/0.01cm2 g−1 M⊙) < 10 becomes optically thin
∼ 4 days after the merger (t > ttr). In this case, the
absorbed and reprocessed photons are not thermalize
completely, and may show deviations from the thermal
spectrum in bluer wavelength. In the observations of
SSS17a, the spectra actually deviate from a blackbody
at late time. While these spectra are roughly fitted in
the r -process model (Chornock et al. 2017; Kilpatrick et
al. 2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et
al. 2017), we could also fit them in the engine model. In
order to predict the non-thermalized spectrum, we need
a detailed radiative transfer calculation, which is beyond
the scope of this paper. This is an interesting future
problem to compare the spectra given by both models
and clarify whether macronovae are produced by the en-
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Fig. 4.— The time evolution of bolometric luminosity (red) and
photospheric temperature (blue) of the jet-powered cocoon (solid;
blue macronova) and the merger ejecta (dashed; red macronova),
respectively. The red and blue data points represent the ob-
served luminosity and temperature of the red and blue macronovae
(SSS17a or AT2017gfo), which are taken from (Kilpatrick et al.
2017). The engine model successfully reproduces the observation
data. We also show the observed X-ray excess luminosity of GRB
130603B taken from Fong et al. (2014), which has the same slope
with the red macronova.

In this work, we study whether the energy injection
from the central engine rather than the r -process ra-
dioactive decay can produce the observed blue and red
macronova emissions or not. Since in the engine model,
only the product of the mass and opacity κM is con-
strained by the observed emission timescale, a large pa-
rameter space is allowed (see Fig. 1). The observations
suggest at least two components with different combi-
nations of κM , that is, κM ≃ 2 × 10−3 cm2 g−1 M⊙
and v ≃ 0.3 c for the blue macronova at 1 day, and
κM ≃ 7 × 10−2 cm2 g−1 M⊙ and v ≃ 0.1 c for the red
macronova at 10 days. We can consider a possible con-
figuration for the two components: the jet-powered co-
coon which is heated up by the jet activities, and the
merger ejecta which is illuminated by the long-lasting
X-ray irradiation from the central engine. With reason-
able amounts of injection energy, the diffusion emission
from the jet-powered cocoon and the reprocessed emis-
sion from the merger ejecta reproduce the observed blue
and red macronovae, respectively. The reprocessed emis-
sion of the X-rays is motivated by the observed X-ray
excess in GRB 130603B, which can explain the luminos-
ity and duration of the NIR macronova associated with
GRB 130603B with a single energy source, i.e., the cen-
tral engine.
The necessary mass in the engine model can be smaller

than that required by the r -process model. As long
as the products κM are fixed, we can adopt various
values of opacity and ejecta mass. In particular, as
shown in Figs. 3 and 4, the engine model can reproduce
the observed blue and red macronovae with the ejecta
mass of Mblue

ej = Mc ≃ 0.005M⊙ (κc/0.5 cm2 g−1)−1 and

M red
ej = Me ≃ 0.01M⊙ (κe/10 cm2 g−1)−1, respectively.

On the other hand, the r -process model requires more
mass of Mblue

ej ,M red
ej ! 0.02 − 0.03M⊙. The smaller

ejecta mass than that in the r -process model can resolve
the concerns which we discuss in section 1.

Although we illustrate the above ejecta mass and opac-
ity values motivated by numerical simulations, the differ-
ent values can be also allowed. Then, we can discuss the
minimum required mass or opacity by fixing the other pa-
rameter value. For the jet-powered cocoon, if the ejecta
have significant r -process elements κc ≃ 10 cm2 g−1, only
a small amount of ejecta mass Mc ≃ 3× 10−4 M⊙ is suf-
ficient to power the blue macronova. In this case, the
injection energy should be smaller than the ejecta’ ki-
netic energy ∼ 1049 erg. Then, since the required in-
jection energy is Eintin = 1052 erg s (see Table 1), only
plateau emissions (tin > 103 s) could reproduce the ob-
served blue macronova. If future radio observations will
give a constraint on the ejecta mass (" 10−3 M⊙), the
blue macronova strongly supports the existence of the
long-timescale engine activity in sGRB 170817A.
By considering a reasonable range of the merger ejecta

mass, we can show that the r -process elements are neces-
sary to explain the observed emission timescale. Regard-
less of the energy source, e.g., the r -process heating or the
central engine, photons should be thermalized or down-
scattered to the NIR energy in the ejecta. Therefore, at
least a part of the ejecta should be optically thick to NIR
photons, and the emission time has to satisfy the condi-

tion, t < ttr ≃ 12.5 day κ1/2
e,10M

1/2
e,0.01v

−1
e,0.1Ω

−1/2
0.5 , where we

use Eq. (19) with β = 3.5 and vmax/vmin = 4 (fiducial
parameter values, see Table 1). Even for an extremely
large mass ejecta of Me = 0.1M⊙, this condition requires
the large opacity as

κe > 0.64 cm2 g−1

(
t

10 day

)2(vmin

0.1 c

)2( Me

0.1M⊙

)−1

Ω0.5,(21)

where the velocity vmin is not able to be changed a lot.
Such an opacity larger than the iron case ∼ 0.1 cm2 g−1

is only realized by the r -process elements (Lanthanoids,
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Tanaka
et al. 2017). Thus, we stress that the exact evidence of
the r -process elements is the long duration of the red
macronova emission, not the spectra or energy injection
profile. We remark that other than the r -process ele-
ments, dust grains are also proposed as an opacity source
(Takami et al. 2014). However, the observed line feature
in the spectrum (Chornock et al. 2017; Kilpatrick et al.
2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et al.
2017) may not prefer this possibility (see also, Gall et al.
2017).
The merger ejecta with the product of 1 "

(κeMe/0.01cm2 g−1 M⊙) < 10 becomes optically thin
∼ 4 days after the merger (t > ttr). In this case, the
absorbed and reprocessed photons are not thermalize
completely, and may show deviations from the thermal
spectrum in bluer wavelength. In the observations of
SSS17a, the spectra actually deviate from a blackbody
at late time. While these spectra are roughly fitted in
the r -process model (Chornock et al. 2017; Kilpatrick et
al. 2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et
al. 2017), we could also fit them in the engine model. In
order to predict the non-thermalized spectrum, we need
a detailed radiative transfer calculation, which is beyond
the scope of this paper. This is an interesting future
problem to compare the spectra given by both models
and clarify whether macronovae are produced by the en-
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TABLE 1
The fiducial parameters of the jet-powered cocoon and the merger ejecta.

Symbol Jet-Powered Cocoon Merger Ejecta
Opacity times Mass κM 0.0025 cm2 g−1 M⊙ 0.1 cm2 g−1 M⊙
Velocity vc, vmax/min 0.3 c 0.1− 0.4 c
Subtended Solid Angle Ω 0.5 0.5
Injection Energy times Time Eintin 1052 erg s -
Power Law Index of Density Profile β - 3.5
X-ray Irradiation Luminosity LX(t) - 2× 1042 (t/day)−1.7 erg s−1

Notes. The ejecta mass should be smaller than that required in the r -process model (Mc ! 0.02M⊙ and Me ! 0.03M⊙) in order to
neglect the r -process heating.

We estimate the times tdiff and ttr when the diffusion
and photospheric radii reach the innermost ejecta radius,
respectively. Each timescale corresponds to the diffusion
time and the transparent timescale discussed in section
2.2. By equating the diffusion radius and the photo-
sphere with the innermost radius of ejecta, we get

tdiff =

√
f(1− 21−β)

β − 1

κeMe

4πΩvminc
, (18)

ttr=

√
f(1− 21−β)

β − 1

κeMe

4πΩv2min

, (19)

respectively. The former factors in the square root reflect
the density structure, which reduce the timescales about
∼ 0.5 from the values given by the one-zone estimation
in Eqs. (18) and (9).
When the merger ejecta is diffusively thin and opti-

cally thick, tdiff < t < ttr, X-rays radiated from the cen-
tral engine are absorbed in the ejecta, and reprocessed
to lower energy photons. We should remind that when
the ejecta is otherwise diffusively thick, the reprocessed
photons can not leak out of the ejecta. Furthermore,
it should be noted that the reprocessed photons do not
show the thermal spectrum if the ejecta is optically thin.
As we estimated in section 2.2, the reprocessed emis-
sion can produce the NIR emission with the fiducial pa-
rameters in Table 1. The bolometric light curve of the
reprocessed emission follows the irradiation luminosity
Lbol(t) = LX(t). Motivated by the X-ray excess detected
in GRB 130603B with power-law temporal decay, we also
assume a power-law-decaying irradiation luminosity of

LX(t) = LX

(
t

day

)−αX

, (20)

where LX and αX are the normalization and the tem-
poral index, respectively. The power-law decay might be
related with the fallback accretion, whose mass accretion
rate also shows the power-law temporal decay with index
∼ 5/3. We determine the photospheric temperature with
Eqs. (12) and (17).
In Fig. 3, we show the light curves of the reprocessed

emission from the merger ejecta with dashed curves. In
Table 1, we show the adopted parameters. The repro-
cessed emission shows good agreements with the ob-
served red macronova.
In Fig. 4, we show the bolometric luminosity and

temperature with dashed red and blue curves, respec-
tively. The magenta data points and dash-dotted line
are the isotropic X-ray excess luminosity observed in
GRB 130603B taken from Fong et al. (2014), which we
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Fig. 3.— The light curves of the jet-powered cocoon (solid; blue
maconova) and the merger ejecta (dashed; red macronova), re-
spectively. For the merger ejecta, we show the light curves in the
diffusively thin and optically thick phase tdiff < t < ttr. Both
light curves show good agreements with the observed data points
taken from Kasliwal et al. (2017) (circle) and Drout et al. (2017)
(square). By the jet activities, the jet-powered cocoon receives the
energy which powers the blue macronova. The red macronova is
emitted from the merger ejecta as the NIR emission reprocessed
from the quasi-isotropic X-ray excess produced by the central en-
gine.

convert from the observed flux. We also reduce the X-
ray luminosity by multiplying 0.3 to compare with the
macronova’s bolometric luminosity. The luminositiy of
the X-ray excess in GRB 130603B has a similar slope
to that of the red macronova. Note that the temporal
index αX which we adopt (see Table 1) is roughly the
same as the index of the fallback accretion, 5/3 ≃ 1.67.
Smartt et al. (2017) show that the light curve is fitted by
choosing the temporal index ∼ 1.3, which is favored by
the r -process heating. While they conclude that SSS17a
may be powered by the radioactive decay heating by r -
process elements, our result suggests another possibility,
i.e., the engine-powered macrnova.
As shown in Fig. 3, the reprocessed emission lasts for

tdiff < t < ttr and the light curves do not connect with the
light curves of the jet-powered cocoon. This is natural
because we consider only 2 component (2 combinations
of κM) discrete ejecta. In the realistic situation, there
should be a gradient of the opacity (0.1 ! κ/cm2 g−1 !
10) or the ejecta mass between the polar and equatorial
directions, and fill the gap in the light curves for 2 !
t/day ! 4. Furthermore, the reprocessed emission rises
at t ! tdiff , and this also fills up the gap.
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TABLE 1
The fiducial parameters of the jet-powered cocoon and the merger ejecta.

Symbol Jet-Powered Cocoon Merger Ejecta
Opacity times Mass κM 0.0025 cm2 g−1 M⊙ 0.1 cm2 g−1 M⊙
Velocity vc, vmax/min 0.3 c 0.1− 0.4 c
Subtended Solid Angle Ω 0.5 0.5
Injection Energy times Time Eintin 1052 erg s -
Power Law Index of Density Profile β - 3.5
X-ray Irradiation Luminosity LX(t) - 2× 1042 (t/day)−1.7 erg s−1

Notes. The ejecta mass should be smaller than that required in the r -process model (Mc ! 0.02M⊙ and Me ! 0.03M⊙) in order to
neglect the r -process heating.

We estimate the times tdiff and ttr when the diffusion
and photospheric radii reach the innermost ejecta radius,
respectively. Each timescale corresponds to the diffusion
time and the transparent timescale discussed in section
2.2. By equating the diffusion radius and the photo-
sphere with the innermost radius of ejecta, we get

tdiff =

√
f(1− 21−β)

β − 1

κeMe

4πΩvminc
, (18)

ttr=

√
f(1− 21−β)

β − 1

κeMe

4πΩv2min

, (19)

respectively. The former factors in the square root reflect
the density structure, which reduce the timescales about
∼ 0.5 from the values given by the one-zone estimation
in Eqs. (18) and (9).
When the merger ejecta is diffusively thin and opti-

cally thick, tdiff < t < ttr, X-rays radiated from the cen-
tral engine are absorbed in the ejecta, and reprocessed
to lower energy photons. We should remind that when
the ejecta is otherwise diffusively thick, the reprocessed
photons can not leak out of the ejecta. Furthermore,
it should be noted that the reprocessed photons do not
show the thermal spectrum if the ejecta is optically thin.
As we estimated in section 2.2, the reprocessed emis-
sion can produce the NIR emission with the fiducial pa-
rameters in Table 1. The bolometric light curve of the
reprocessed emission follows the irradiation luminosity
Lbol(t) = LX(t). Motivated by the X-ray excess detected
in GRB 130603B with power-law temporal decay, we also
assume a power-law-decaying irradiation luminosity of

LX(t) = LX

(
t

day

)−αX

, (20)

where LX and αX are the normalization and the tem-
poral index, respectively. The power-law decay might be
related with the fallback accretion, whose mass accretion
rate also shows the power-law temporal decay with index
∼ 5/3. We determine the photospheric temperature with
Eqs. (12) and (17).
In Fig. 3, we show the light curves of the reprocessed

emission from the merger ejecta with dashed curves. In
Table 1, we show the adopted parameters. The repro-
cessed emission shows good agreements with the ob-
served red macronova.
In Fig. 4, we show the bolometric luminosity and

temperature with dashed red and blue curves, respec-
tively. The magenta data points and dash-dotted line
are the isotropic X-ray excess luminosity observed in
GRB 130603B taken from Fong et al. (2014), which we
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Fig. 3.— The light curves of the jet-powered cocoon (solid; blue
maconova) and the merger ejecta (dashed; red macronova), re-
spectively. For the merger ejecta, we show the light curves in the
diffusively thin and optically thick phase tdiff < t < ttr. Both
light curves show good agreements with the observed data points
taken from Kasliwal et al. (2017) (circle) and Drout et al. (2017)
(square). By the jet activities, the jet-powered cocoon receives the
energy which powers the blue macronova. The red macronova is
emitted from the merger ejecta as the NIR emission reprocessed
from the quasi-isotropic X-ray excess produced by the central en-
gine.

convert from the observed flux. We also reduce the X-
ray luminosity by multiplying 0.3 to compare with the
macronova’s bolometric luminosity. The luminositiy of
the X-ray excess in GRB 130603B has a similar slope
to that of the red macronova. Note that the temporal
index αX which we adopt (see Table 1) is roughly the
same as the index of the fallback accretion, 5/3 ≃ 1.67.
Smartt et al. (2017) show that the light curve is fitted by
choosing the temporal index ∼ 1.3, which is favored by
the r -process heating. While they conclude that SSS17a
may be powered by the radioactive decay heating by r -
process elements, our result suggests another possibility,
i.e., the engine-powered macrnova.
As shown in Fig. 3, the reprocessed emission lasts for

tdiff < t < ttr and the light curves do not connect with the
light curves of the jet-powered cocoon. This is natural
because we consider only 2 component (2 combinations
of κM) discrete ejecta. In the realistic situation, there
should be a gradient of the opacity (0.1 ! κ/cm2 g−1 !
10) or the ejecta mass between the polar and equatorial
directions, and fill the gap in the light curves for 2 !
t/day ! 4. Furthermore, the reprocessed emission rises
at t ! tdiff , and this also fills up the gap.
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Fig. 4.— The time evolution of bolometric luminosity (red) and
photospheric temperature (blue) of the jet-powered cocoon (solid;
blue macronova) and the merger ejecta (dashed; red macronova),
respectively. The red and blue data points represent the ob-
served luminosity and temperature of the red and blue macronovae
(SSS17a or AT2017gfo), which are taken from (Kilpatrick et al.
2017). The engine model successfully reproduces the observation
data. We also show the observed X-ray excess luminosity of GRB
130603B taken from Fong et al. (2014), which has the same slope
with the red macronova.

In this work, we study whether the energy injection
from the central engine rather than the r -process ra-
dioactive decay can produce the observed blue and red
macronova emissions or not. Since in the engine model,
only the product of the mass and opacity κM is con-
strained by the observed emission timescale, a large pa-
rameter space is allowed (see Fig. 1). The observations
suggest at least two components with different combi-
nations of κM , that is, κM ≃ 2 × 10−3 cm2 g−1 M⊙
and v ≃ 0.3 c for the blue macronova at 1 day, and
κM ≃ 7 × 10−2 cm2 g−1 M⊙ and v ≃ 0.1 c for the red
macronova at 10 days. We can consider a possible con-
figuration for the two components: the jet-powered co-
coon which is heated up by the jet activities, and the
merger ejecta which is illuminated by the long-lasting
X-ray irradiation from the central engine. With reason-
able amounts of injection energy, the diffusion emission
from the jet-powered cocoon and the reprocessed emis-
sion from the merger ejecta reproduce the observed blue
and red macronovae, respectively. The reprocessed emis-
sion of the X-rays is motivated by the observed X-ray
excess in GRB 130603B, which can explain the luminos-
ity and duration of the NIR macronova associated with
GRB 130603B with a single energy source, i.e., the cen-
tral engine.
The necessary mass in the engine model can be smaller

than that required by the r -process model. As long
as the products κM are fixed, we can adopt various
values of opacity and ejecta mass. In particular, as
shown in Figs. 3 and 4, the engine model can reproduce
the observed blue and red macronovae with the ejecta
mass of Mblue

ej = Mc ≃ 0.005M⊙ (κc/0.5 cm2 g−1)−1 and

M red
ej = Me ≃ 0.01M⊙ (κe/10 cm2 g−1)−1, respectively.

On the other hand, the r -process model requires more
mass of Mblue

ej ,M red
ej ! 0.02 − 0.03M⊙. The smaller

ejecta mass than that in the r -process model can resolve
the concerns which we discuss in section 1.

Although we illustrate the above ejecta mass and opac-
ity values motivated by numerical simulations, the differ-
ent values can be also allowed. Then, we can discuss the
minimum required mass or opacity by fixing the other pa-
rameter value. For the jet-powered cocoon, if the ejecta
have significant r -process elements κc ≃ 10 cm2 g−1, only
a small amount of ejecta mass Mc ≃ 3× 10−4 M⊙ is suf-
ficient to power the blue macronova. In this case, the
injection energy should be smaller than the ejecta’ ki-
netic energy ∼ 1049 erg. Then, since the required in-
jection energy is Eintin = 1052 erg s (see Table 1), only
plateau emissions (tin > 103 s) could reproduce the ob-
served blue macronova. If future radio observations will
give a constraint on the ejecta mass (" 10−3 M⊙), the
blue macronova strongly supports the existence of the
long-timescale engine activity in sGRB 170817A.
By considering a reasonable range of the merger ejecta

mass, we can show that the r -process elements are neces-
sary to explain the observed emission timescale. Regard-
less of the energy source, e.g., the r -process heating or the
central engine, photons should be thermalized or down-
scattered to the NIR energy in the ejecta. Therefore, at
least a part of the ejecta should be optically thick to NIR
photons, and the emission time has to satisfy the condi-

tion, t < ttr ≃ 12.5 day κ1/2
e,10M

1/2
e,0.01v

−1
e,0.1Ω

−1/2
0.5 , where we

use Eq. (19) with β = 3.5 and vmax/vmin = 4 (fiducial
parameter values, see Table 1). Even for an extremely
large mass ejecta of Me = 0.1M⊙, this condition requires
the large opacity as

κe > 0.64 cm2 g−1

(
t

10 day

)2(vmin

0.1 c

)2( Me

0.1M⊙

)−1

Ω0.5,(21)

where the velocity vmin is not able to be changed a lot.
Such an opacity larger than the iron case ∼ 0.1 cm2 g−1

is only realized by the r -process elements (Lanthanoids,
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Tanaka
et al. 2017). Thus, we stress that the exact evidence of
the r -process elements is the long duration of the red
macronova emission, not the spectra or energy injection
profile. We remark that other than the r -process ele-
ments, dust grains are also proposed as an opacity source
(Takami et al. 2014). However, the observed line feature
in the spectrum (Chornock et al. 2017; Kilpatrick et al.
2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et al.
2017) may not prefer this possibility (see also, Gall et al.
2017).
The merger ejecta with the product of 1 "

(κeMe/0.01cm2 g−1 M⊙) < 10 becomes optically thin
∼ 4 days after the merger (t > ttr). In this case, the
absorbed and reprocessed photons are not thermalize
completely, and may show deviations from the thermal
spectrum in bluer wavelength. In the observations of
SSS17a, the spectra actually deviate from a blackbody
at late time. While these spectra are roughly fitted in
the r -process model (Chornock et al. 2017; Kilpatrick et
al. 2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et
al. 2017), we could also fit them in the engine model. In
order to predict the non-thermalized spectrum, we need
a detailed radiative transfer calculation, which is beyond
the scope of this paper. This is an interesting future
problem to compare the spectra given by both models
and clarify whether macronovae are produced by the en-

4 Matsumoto, Ioka, Kisaka, and Nakar

= 1day tdiff = 10days

or AT2017gfo
r-process

engine

(v=0.3c)

(v=0.1c)

; tdiff = 1day tdiff = 10days
 0.1

 1

 10

 0.001  0.01  0.1

O
pa

ci
ty

 [c
m

2  g
-1

]

Ejecta Mass [Msun]

Galactic r-process abundance

Fig. 1.— The required ejecta mass and opacity regions to repro-
duce the observed blue (tdiff ≃ 1 day) and red (tdiff ≃ 10 days)
macronovae in the engine model. The dark-red and blue regions
represent the mass and opacity suggested in the r -process model.
The green shaded region shows the required mass to explain the
Galactic r -process abundance with the event rate estimated by
GW170817. In the engine model, much larger parameter ranges
are allowed.

may also result from the jet activities. The jet activities
can inject energy into the cocoon in the polar direction by
high energy radiations or shocks. Furthermore, we may
have another energy source, which is motivated by the X-
ray observation of GRB 130603B. This event showed an
mysterious X-ray excess with a long duration of ∼ 7 days,
and a luminosity larger than the extrapolation from its
afterglow (Fong et al. 2014). Such an X-ray excess could
be produced by the fallback accretion onto the central
engine (Rosswog 2007; Rossi & Begelman 2009; Kisaka
& Ioka 2015). More interestingly, the excess X-ray lu-
minosity is comparable with the luminosity of the NIR
macronova associated with GRB 130603B. If the X-ray
excess emission is quasi-isotropic and absorbed by the
merger ejecta, the reprocessed NIR photons can repro-
duce the NIR macronova without introducing any other
energy sources such as the radioactive energy (Kisaka et
al. 2016). In Fig. 2, we show a schematic picture of
the jet-powered cocoon and the merger ejecta, which are
powered by the jet activities and the quasi-isotropic X-
ray excess, respectively. It should be noted that in this
model, the emission power is dominated not by the ra-
dioactive heating but by the energy injection from the
central engine in both the blue and red macronovae.

2.1. Jet-Powered Cocoon

When a relativistic jet is launched from the central
engine and drills through the merger ejecta on the po-
lar axis, most of the jet energy is dissipated and in-
jected into the cocoon. With the jet breakout, the co-
coon also breaks out of the merger ejecta and expands
isotropically.7 The dissipated jet energy is evaluated by
Ejet ∼ Ljtbr = 5× 1050 erg (Lj/5× 1050 erg s−1)(tbr/1 s),
where Lj and tbr is the geometrically-corrected jet lu-
minosity and breakout time, respectively. The cocoon
mass is determined by the volume swept by the cocoon’s

7 We mainly focus on the dominant, sub-relativistic cocoon, not
on the mildly-relativistic cocoon (Nakar & Piran 2017; Gottlieb et
al. 2017).
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Fig. 2.— The schematic picture of the jet-powered cocoon and
the merger ejecta, which are powered by the jet activities and the
quasi-isotropic X-ray excess, respectively.

shock. In the case of short GRB jets, differently from
long GRB jets, the cocoon mass is evaluated byMc ∼ 5×
10−3 M⊙ (Me/0.01M⊙)(θj/0.3), where Me and θj are the
merger ejecta’s mass and the jet opening angle, respec-
tively (Ioka & Nakamura 2017). The adopted jet opening
angle θj = 0.3 ≃ 17◦ is consistent with the mean angle
suggested by the observations (θj ≃ 16◦±10◦, Fong et al.
2015), which could also explain the observations of sGRB
170817A, blue macronova, X-ray and radio-afterglows
following GW170817 (Ioka & Nakamura 2017). Then,
the velocity is given by vc ∼

√
2Ejet/Mc ∼ 0.3 c (Ejet/5×

1050 erg)1/2(Mc/5×10−3 M⊙)−1/2. The cocoon has likely
rather small opacity of κc ≃ 0.5 cm2 g−1, because it is
made of the polar directed merger ejecta, which is dom-
inated by high electron fraction ejecta of Ye > 0.25 and
synthesizes less opaque elements (Sekiguchi et al. 2015,
2016; Wanajo et al. 2014; Tanaka et al. 2017, and see
also section 2.2). However, it should be noted again that
only the product κcMc is important to reproduce the
light curve.
While we discuss the cocoon accompanying the suc-

cessful jet breakout, the cocoon is also produced by a
choked jet. The cocoon driven by the choked jet can also
explain sGRB 170817A and X-ray and radio-afterglows
(Kasliwal et al. 2017; Gottlieb et al. 2017b). However,
since cocoons produced by the successful and choked jets
may have similar parameters, the above discussion and
picture hold.
The cocoon is also heated up by the later energy injec-

tion such as the extended and plateau emissions (Kisaka
et al. 2015), which may result from the long-lasting jet
activities. These emissions are too dim to observe in
this event. Recently, Kisaka et al. (2017) investigated 65
sGRBs’ X-ray light curves in Swift/BAT and XRT data,
and found that the typical (geometrically-corrected)8 in-
jection energy and time are Ein(∼ Ejet) ∼ 1048−51 erg
and tin ∼ 102 s for the extended emissions, and Ein(∼
Ejet) ∼ 1047−51 erg and tin ∼ 104−5 s for the plateau
emissions, respectively. Since the injection energy is less

8 Kisaka et al. (2017) studies the isotropic radiated energy
Eiso,rad, and the injection energy is evaluated by Ein∼Ejet ∼
(θj/0.3)2(η/0.1)−1Eiso,rad, where η is the emission efficiency.
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議論 & 展望 

•  r-process or エンジン?

　=> early & late timeの観測で区別できないか?

•  MN光度とジェットに関係はあるか?

•  エンジンモデルでもr-process元素は必要そうだ

　=> Red MNのtimescale

•  今後、観測数が増えていくと分かるだろう
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Fig. 1.— The required ejecta mass and opacity regions to repro-
duce the observed blue (tdiff ≃ 1 day) and red (tdiff ≃ 10 days)
macronovae in the engine model. The dark-red and blue regions
represent the mass and opacity suggested in the r -process model.
The green shaded region shows the required mass to explain the
Galactic r -process abundance with the event rate estimated by
GW170817. In the engine model, much larger parameter ranges
are allowed.

may also result from the jet activities. The jet activities
can inject energy into the cocoon in the polar direction by
high energy radiations or shocks. Furthermore, we may
have another energy source, which is motivated by the X-
ray observation of GRB 130603B. This event showed an
mysterious X-ray excess with a long duration of ∼ 7 days,
and a luminosity larger than the extrapolation from its
afterglow (Fong et al. 2014). Such an X-ray excess could
be produced by the fallback accretion onto the central
engine (Rosswog 2007; Rossi & Begelman 2009; Kisaka
& Ioka 2015). More interestingly, the excess X-ray lu-
minosity is comparable with the luminosity of the NIR
macronova associated with GRB 130603B. If the X-ray
excess emission is quasi-isotropic and absorbed by the
merger ejecta, the reprocessed NIR photons can repro-
duce the NIR macronova without introducing any other
energy sources such as the radioactive energy (Kisaka et
al. 2016). In Fig. 2, we show a schematic picture of
the jet-powered cocoon and the merger ejecta, which are
powered by the jet activities and the quasi-isotropic X-
ray excess, respectively. It should be noted that in this
model, the emission power is dominated not by the ra-
dioactive heating but by the energy injection from the
central engine in both the blue and red macronovae.

2.1. Jet-Powered Cocoon

When a relativistic jet is launched from the central
engine and drills through the merger ejecta on the po-
lar axis, most of the jet energy is dissipated and in-
jected into the cocoon. With the jet breakout, the co-
coon also breaks out of the merger ejecta and expands
isotropically.7 The dissipated jet energy is evaluated by
Ejet ∼ Ljtbr = 5× 1050 erg (Lj/5× 1050 erg s−1)(tbr/1 s),
where Lj and tbr is the geometrically-corrected jet lu-
minosity and breakout time, respectively. The cocoon
mass is determined by the volume swept by the cocoon’s

7 We mainly focus on the dominant, sub-relativistic cocoon, not
on the mildly-relativistic cocoon (Nakar & Piran 2017; Gottlieb et
al. 2017).
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Fig. 2.— The schematic picture of the jet-powered cocoon and
the merger ejecta, which are powered by the jet activities and the
quasi-isotropic X-ray excess, respectively.

shock. In the case of short GRB jets, differently from
long GRB jets, the cocoon mass is evaluated byMc ∼ 5×
10−3 M⊙ (Me/0.01M⊙)(θj/0.3), where Me and θj are the
merger ejecta’s mass and the jet opening angle, respec-
tively (Ioka & Nakamura 2017). The adopted jet opening
angle θj = 0.3 ≃ 17◦ is consistent with the mean angle
suggested by the observations (θj ≃ 16◦±10◦, Fong et al.
2015), which could also explain the observations of sGRB
170817A, blue macronova, X-ray and radio-afterglows
following GW170817 (Ioka & Nakamura 2017). Then,
the velocity is given by vc ∼

√
2Ejet/Mc ∼ 0.3 c (Ejet/5×

1050 erg)1/2(Mc/5×10−3 M⊙)−1/2. The cocoon has likely
rather small opacity of κc ≃ 0.5 cm2 g−1, because it is
made of the polar directed merger ejecta, which is dom-
inated by high electron fraction ejecta of Ye > 0.25 and
synthesizes less opaque elements (Sekiguchi et al. 2015,
2016; Wanajo et al. 2014; Tanaka et al. 2017, and see
also section 2.2). However, it should be noted again that
only the product κcMc is important to reproduce the
light curve.
While we discuss the cocoon accompanying the suc-

cessful jet breakout, the cocoon is also produced by a
choked jet. The cocoon driven by the choked jet can also
explain sGRB 170817A and X-ray and radio-afterglows
(Kasliwal et al. 2017; Gottlieb et al. 2017b). However,
since cocoons produced by the successful and choked jets
may have similar parameters, the above discussion and
picture hold.
The cocoon is also heated up by the later energy injec-

tion such as the extended and plateau emissions (Kisaka
et al. 2015), which may result from the long-lasting jet
activities. These emissions are too dim to observe in
this event. Recently, Kisaka et al. (2017) investigated 65
sGRBs’ X-ray light curves in Swift/BAT and XRT data,
and found that the typical (geometrically-corrected)8 in-
jection energy and time are Ein(∼ Ejet) ∼ 1048−51 erg
and tin ∼ 102 s for the extended emissions, and Ein(∼
Ejet) ∼ 1047−51 erg and tin ∼ 104−5 s for the plateau
emissions, respectively. Since the injection energy is less

8 Kisaka et al. (2017) studies the isotropic radiated energy
Eiso,rad, and the injection energy is evaluated by Ein∼Ejet ∼
(θj/0.3)2(η/0.1)−1Eiso,rad, where η is the emission efficiency.



まとめ 
•  GW170817 + Macronova(MN)
•  r-process以外にMNを駆動できるか?
　=> 中心エンジンの活動
•  κMが制限される => 許容されるMの範囲:大
•  中心エンジンからのジェット、X線照射
　=> 光度曲線を再現できる
•  区別するには?
　今後の観測、特に早期・後期の振る舞いなど
　　　　　　　　　　　　　　　　　　に注目


